HACE1 is an E3 ubiquitin ligase described as a tumour suppressor because HACE1-knockout mice develop multi-organ, late-onset cancers and because HACE1 expression is lost in several neoplasms, such as Wilms' tumours and colorectal cancer. However, a search of public databases indicated that HACE1 expression is maintained in melanomas. We demonstrated that HACE1 promoted melanoma cell migration and adhesion in vitro and was required for mouse lung colonisation by melanoma cells in vivo. Transcriptomic analysis of HACE1-depleted melanoma cells revealed an inhibition of ITGAV and ITGB1 as well changes in other genes involved in cell migration. We revealed that HACE1 promoted the K27 ubiquitination of fibronectin and regulated its secretion. Secreted fibronectin regulated ITGAV and ITGB1 expression, as well as melanoma cell adhesion and migration. Our findings disclose a novel molecular cascade involved in the regulation of fibronectin secretion, integrin expression and melanoma cell adhesion. By controlling this cascade, HACE1 displays protumoural properties and is an important regulator of melanoma cell invasive properties.
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Introduction
HECT domain and ankyrin repeat-containing E3 ubiquitin protein ligase 1 (HACE1) is thought to be a tumoursuppressor gene because its expression is lower in Wilms' tumours than in healthy kidneys [1] and because HACE1-knockout mice develop late-onset cancers in the breast, liver and lung [2] . HACE1 targets RAC1 for degradation, thereby controlling the level of GTP-RAC1 protein [3] . The tumour-suppressor activity of HACE1 is in agreement with its effects on RAC1, namely, reducing the level and the protumourigenic functions of RAC1, which promote tumour cell migration, proliferation and survival [4] . More recently, HACE1 has been reported to reduce the tumourigenicity of lung cancer cells through the ubiquitination of optineurin and the regulation of autophagy [5] . Full exome sequencing of melanoma tumours has identified the transition (c.85 C > T) p.P29S in RAC1 as one of the most common somatic mutations in melanoma after BRAF V600 and NRAS
Q61
. In contrast to the BRAF or NRAS mutations, the RAC1 mutation displays the hallmarks of ultraviolet B signature (C > T) [6] . The P29S mutation maintains RAC1 in a GTP-bound and active form that is endowed with oncogenic properties [7] .
Although the role of RAC1 has been well studied, the role of HACE1 in melanoma is poorly understood. Taking into account the key role of HACE1 in the regulation of RAC1, a recognised driver oncogene in melanoma, we performed a comprehensive characterisation of HACE1 function in melanoma.
Unexpectedly, HACE1 silencing inhibited melanoma cell migration in vitro as well as lung colonisation in mice Edited by S. Fulda in vivo. DNA array analysis of 4 different melanoma cell cultures demonstrated that HACE1 silencing affected the transcriptional programme and decreased mRNA levels of beta1 and alphaV integrins. HACE1 exerted its effects through regulation of fibronectin (FN) secretion and K27 ubiquitination of FN, suggesting a causative role of K27 ubiquitination of FN in its secretion. Our data uncovered a previously unanticipated pro-oncogenic function of HACE1 in melanoma cells.
Results
HACE1 expression is maintained in melanoma cells and promotes melanoma cell migration
First, we analysed HACE1 expression in melanocytes (2) , melanoma cell lines (3) and short-term melanoma cell cultures (5) . Western blot analysis revealed that HACE1 expression did not dramatically change among the different cells analysed. Overall, the HACE1 level was maintained, with some increases in melanoma cells (Fig. 1a) . Further analysis of public databases showed that HACE1 expression was not different in cutaneous melanocytes and melanoma cell cultures [8] (Fig. 1b) or nevi, primary melanoma and metastatic melanoma [9] (Fig. 1c) . Therefore, in contrast to the HACE1 loss reported in breast cancer [10] and Wilms' tumours [1] , HACE1 expression is not systematically decreased during the tumourigenic transformation of melanocytes into melanomas.
Migration is one of the main cellular functions regulated by HACE1 via the control of RAC1 stability [4] . Therefore, we studied the effect of HACE1 downregulation on melanoma cell migration. HACE1 silencing reduced the migration of short-term culture melanoma cells (C-13.11) in Boyden chambers by up to 80% (Fig. 1d, e) . In these conditions, HACE1 protein levels were decreased, as shown by western blot (Fig. 1f) . Similar effects on migration and HACE1 silencing were obtained in at least 3 different melanoma cell lines or short-term cultures and with 2 additional siRNAs to HACE1 (Sup. Figure 1A to I).
To confirm this unexpected effect of HACE1 silencing on migration, we transfected 501MEL cells with a plasmid encoding HACE1. Two selected HACE1-overexpressing clones (Fig. 1i ) displayed an increased migratory capacity that was reverted by HACE1 silencing (Fig. 1g) . Quantification of these experiments is shown Fig. 1h . Increased migration was also observed in a pool of A375 cells overexpressing HACE1 after transfection with the same plasmid (Sup. Figure 1 .J, K, L).
HACE1 deficiency has been reported to predispose cells to necroptosis [11] . However, HACE1 silencing has never induced melanoma cell death in our experience (not shown).
Therefore, inhibition of melanoma cell migration after HACE1 silencing cannot be ascribed to an induction of cell death.
In agreement with the literature, siRNA against RAC1 induced a decrease of both RAC1 expression and migration in 501MEL cells (Sup. Figure 2.A, B) . Further, we confirmed that HACE1 controlled the degradation of GTP-bound RAC1 (Sup. Figure 2 .C, D) as previously described [3] .
HACE1 promotes melanoma cell adhesion and lung colonisation
The decrease in melanoma cell migration after HACE1 silencing is the consequence of inhibiting cell adhesion. HACE1 silencing, as confirmed by western blot (Fig. 2b) , severely impaired A375 and 501MEL cell adhesion ( Fig. 2a) as measured by a classical adhesion assay and the xCELLigence adhesion assay using different siRNAs (Sup. Figure 3a-b) . Further, 501MEL clones overexpressing HACE1 displayed increased adhesion ability as quantified by xCELLigence adhesion assays (Fig. 2c) .
Because adhesion is an obligatory step before extravasation, organ colonisation and metastases, we studied the effect of HACE1 silencing on lung colonisation and tumour development. To this end, melanoma cells isolated from a patient (C-13.08) were transfected with Ctl or HACE1 siRNA, labelled with green fluorescent vital dye and injected in the tail vain of nude mice. The mice were euthanized, and the lungs were examined by fluorescence microscopy. Thirty minutes after injection, a large number of cells reached the lung and decorated the lung alveoli in both conditions. After 24 h, almost no HACE1-silenced cells were detected in the lungs, while ten times more control cells were present in the lungs (Fig. 2d, e) . Labelling of endothelial cells using Alex594-Lycopersicon esculentum lectin allowed for the visualisation of lung vasculature, demonstrating that most melanoma cells remaining in the lungs were in or near blood vessels (Sup. Additionally, while a high luminescent signal was observed emanating from the lungs of mice 24 h after injection of luciferase-expressing A375 (A375-L) cells, the pulmonary luminescent signal was dramatically reduced in mice receiving HACE1-silenced A375-L cells, thereby confirming the inhibition of lung colonisation capacity of HACE1-deficient melanoma cells (Fig. 2f, g ).
Taken together, our results strongly suggested that HACE1 silencing impairs melanoma metastatic development, which is at variance with the tumour-suppressor function assigned to this E3 ligase. Of note, analysis of a publicly available data set (GSE19234) showed that patients with a high level of HACE1 have worse survival than patients with low HACE1 expression (Sup. Figure 4 .E).
Together with our data, this observation strengthens the protumoural role of HACE1 in melanoma.
HACE1 silencing affects the transcriptional programme in melanoma cells and regulates the expression of integrins
To better understand the molecular events induced by HACE1 silencing, we compared the transcriptome profiles of 4 different melanoma cell cultures after HACE1 suppression with those of parental cells.
Statistical analysis identified 93 downregulated genes and 80 upregulated genes in the 4 cell cultures (Sup. Table 1 ). The heat map of the top 50 down-and upregulated genes is show in Fig. 3a . Ingenuity Pathway analysis identified 22 cell function annotations inhibited by siHACE1 (Z-score < −2.62, p < 0.02). Among the top 5, 4 annotations were related to "cell movement" (Sup. Table 2) , and one was related to "Invasion of tumour cell lines" (Fig. 3b) , which was in agreement with our results. One annotation was related to cell proliferation, but we did not observe a significant effect on melanoma cell proliferation after 48 h of HACE1 silencing. Within the top genes inhibited by HACE1 silencing, ITGAV and ITGB1, which ranked 6 and 33, respectively, have been shown to be involved in migration processes.
Accordingly, western blot analysis of 501MEL and C-13.08 cells demonstrated a reproducible loss of αV and β1 integrins after transfection with siHACE1. The levels of other studied integrins were not consistently affected by HACE1 inhibition in the cells used for the study (Fig. 3c) . The loss of αV integrins was confirmed by IF studies (Sup. Figure 5 .A).
Further, ITGAV promoter activity was downregulated by siHACE1 in 501MEL and C-09.10 melanoma cells (Sup. Figure 5 .B). This observation was confirmed in A375 cells using ITGAV or ITGB1 promoter constructs, demonstrating a transcriptional regulation of ITGB1 and ITGAV by HACE1 silencing (Sup. Figure 5 .C, D).
Altogether, transcriptomic data analysis confirmed that HACE1 silencing alters cell migration processes. These effects might involve inhibition of the expression of ITGAV and ITGB1, which are known to play a key role in adhesion and migration [12, 13] .
HACE1 controls melanoma cell adhesion/migration through the regulation of FN secretion
Among the possible upstream regulators that could explain the transcriptional effect of HACE1 silencing, IPA identified an inhibition of TGFβ or TNF pathways (Sup. Table 3 ). However, HACE1 knockdown did not affect TGFβ or NFκB reporter activities, suggesting that these pathways are not involved in the transcriptional effects evoked by HACE1 inhibition (data not shown). Inhibition of FN was also identified by IPA as a possible cause of the gene regulation induced by HACE1 silencing (Fig. 4a) . Indeed, FN is the ligand of integrins, and FN plays a key role in adhesion/ migration processes [14] . Neither FN messenger (DNA arrays) nor intra-cellular FN protein was affected by HACE1 silencing (Fig. 4b ), but HACE1 silencing consistently decreased FN secretion in all the melanoma cells tested (Fig. 4b, c) . HACE1 silencing did not affect vitronectin secretion (Fig. 4c) . The decrease in FN secretion after HACE1 silencing was confirmed by ELISA in A375 and 501MEL cell lines with two different siHACE1 (Sup. Fig. 6 ).
We next verified that FN silencing by different siRNAs in two different melanoma cell lines (501MEL and WM793) decreased the expression of both αV and β1 integrins, as well as melanoma cell migration (Sup. Fig. 7 . A-D). Further, we showed that exposure of untreated C-13.08 cells to conditioned medium (CM) from siHACE1-treated melanoma cells led to the inhibition of cell migration compared with that observed after exposure to CM from siControl-treated cells (Fig. 4d) . In these conditions, αV integrin expression was decreased, but HACE1 levels were not affected (Fig. 4e) . Similar results were obtained using 501MEL cells (Sup. Fig. 7 .E). These data reinforced the notion that the effect of HACE1 suppression is mediated by a secreted factor.
Coating wells with CM from siControl-treated 501MEL promoted adhesion compared with the effects of coating with CM from HACE1-suppressed cells (Fig. 4f, left panel) . Interestingly, the depletion of FN (Fig. 4f upper right panel and Fig. 4h ) from control CM impaired 501MEL cell adhesion, while the addition of purified FN to CM from HACE1-depleted cells restored the adhesion of 501MEL cells (Fig. 4f, lower right panel) . Quantification of these experiments is shown in Fig. 4g . Taken together, these Fig. 1 HACE1 expression is maintained in melanoma cells and promotes melanoma cell migration. a Western blot analysis of HACE1 and actin protein levels in melanoma cell lines, (MeWo, A375, 501MEL) short-term melanoma cell cultures (C-10.12, C-12.34, C-13.11, C-13.08, C-14.27) and primary human melanocytes (NHM). b Analysis of GSE38312 data sets for HACE1 expression in pairs of cultured cutaneous melanocytes (NHM) and melanoma cells (MC). c Analysis of GSE12391 data sets for HACE1 expression in metastatic (MM) (n = 5) or primary melanomas (PM) (n = 23) compared with that in nevi (n = 18). In b and c, the mean ± SD is represented, and the statistical analysis was performed using t-test with Welch's correction. 
HACE1 promotes K27 branched ubiquitination of FN
We next searched for a direct molecular link between HACE1 and FN. Taking into account the E3 ligase activity of HACE1, we hypothesised that HACE1 might interact with and promote FN ubiquitination. GST pull-down assays with melanoma cell lysates (CLs) or with CM showed that recombinant GST-tagged HACE1, but not GST, interacted with FN (Sup. Fig. 8 .A). This interaction might be mediated by a third partner present in the cell lysate or in the CM of melanoma cells. However, an additional experiment using purified FN demonstrated a direct interaction of FN with GST-HACE1, but not with GST (Fig. 5a ). Further, no interaction with vitronectin was detected in these experiments. The interaction between HACE1 and FN was also demonstrated in intact cells under endogenous conditions (Sup. Fig. 8.B) .
We then investigated whether HACE1 promotes FN ubiquitination. An in vitro ubiquitination assay indicated that HACE1 modified FN in the presence of ATP, E2 ligase and ubiquitin (Fig. 5b) . Therefore, these data suggested that HACE1 catalyses FN ubiquitination. We next aimed to identify which type of ubiquitin chain linkage on FN is promoted by HACE1. COS cells were transfected with plasmids encoding HA-tagged ubiquitin mutated on all lysines expected, lysine 27 (HA-K27), lysine 63 (HA-K63) and lysine 48 (HA-K48). Analysis of the total cellular lysate by western blot showed an equivalent amount of FN, as detected by an anti-FN antibody, as well as an equivalent amount of ubiquitin, as detected with an anti-HA antibody, in all conditions (Sup. Fig. 8.C, left panel) . Immunoprecipitation using an antibody against FN showed that FN was mainly modified by K27 ubiquitination as revealed with an anti-HA antibody. Ubiquitination was barely detectable in cells transfected with HA-K63 and HA-K48 (Sup. Fig. 8 .C, right panel). Western blot with anti-FN showed that equivalent amounts of FN were precipitated in all conditions. No FN or ubiquitination was detected after immunoprecipitation with a non-relevant antibody (IP-Myc) (Sup. Fig. 8.C, middle panel) . The above data indicated that FN interacts with HACE1 and undergoes K27 ubiquitination.
We next tested the effect of HACE1 silencing on the K27 ubiquitination of FN. COS cells were co-transfected with empty or HA-tagged ubiquitin K27 (HA-K27) plasmids and control or HACE1 siRNA (Fig. 5c, d ). HACE1 siRNA efficiently inhibited HACE1 expression (Fig. 5c) . HACE1 silencing inhibited FN levels in the CM, but did not affect FN levels in the CL. Moreover, an equal amount of ubiquitin K27 was expressed in both control and HACE1 siRNA-treated cells. FN was immunoprecipitated and analysed by western blotting. Anti-FN antibodies revealed an equal amount of immunoprecipitated FN in all conditions. Anti-HA antibodies detected ubiquitination only in cells transfected with HA-K27. However, a clear decrease in the ubiquitination of FN was observed in HACE1-silenced cells, demonstrating that HACE1 promotes the K27 ubiquitination of FN (Fig. 5d) . Taken together, these findings suggested that HACE1 controls FN secretion through K27 ubiquitination. To confirm this hypothesis, the cells were transfected with HA-tagged K27 ubiquitin or Flag-tagged K27R ubiquitin, which cannot support K27 branching (Fig. 5e) . A decrease in the FN level in the CM from cells expressing K27R ubiquitin (Fig. 5f ) provided further support for the key role of FN K27 ubiquitination in the regulation of its secretion.
Discussion
In contradiction of the expected anti-tumoural role ascribed to HACE1, we demonstrated in this study that HACE1 favoured melanoma cell adhesion, migration and lung colonisation. HACE1 expression was also maintained in melanoma cells, as shown by western blot analyses and the mining of publicly available transcriptomic data sets, indicating that the loss of HACE1 was not a prerequisite for melanoma development in contrast to what has been reported for Wilms' tumours or colorectal cancers [1, 15] .
In agreement with the role of HACE1 in the control of RAC1 level and the key role of RAC1 in melanoma, it might be surprising that HACE1 displayed pro-tumoural functions in melanoma cells. However, the RAC1 level is controlled by other E3 ligases, such as IAPs [16, 17] and FBXL19 [18] . The respective roles of HACE1, IAPS and Fig. 2 HACE1 promotes melanoma cell adhesion and lung colonisation. a Classical adhesion assay of A375 and 501MEL cells transfected with control (siCtl) or HACE1 (siH1) siRNA. b Immunoblotting with antibodies against HACE1. Actin was used as a loading control. c xCELLigence impedance assay with 501MEL and clones with forced expression of HACE1 (Cl29 and Cl60). The results represent the mean of cell adhesion index ± SD (n = 3) in function of time. d C-13.08 melanoma cells transfected with control (siCtl) or HACE1 (siH1) siRNA were labelled with a green fluorescent dye (CMFDA) and injected in the tail vein of nude mice. The mice were sacrificed after 30 min or 24 h, and whole lungs were analysed by fluorescence microscopy. e Quantification (mean ± SD) of lung colonisation by C-13.08 cells exposed to control (siCtl) or HACE1 (siH1) siRNA after 24 h (n = 9, 3 fields in 3 different mice). f and g Luciferase-expressing A375 melanoma cells were exposed to control (siCtl) or HACE1 (siH1) siRNA and injected in the tail vein of nude mice. At the indicated time after cell injection (30 min, D0; and 24 h, D1), the mice were injected with luciferin, and light emission was visualised (f) and quantified (mean ± SD, n = 6) (g) using a Photon Imager FBXL19 in RAC1 degradation in melanoma are not known. A RAC1 activation assay demonstrated that HACE1 silencing prevented the CNF-induced degradation of GTP-RAC1, but had no effect on basal levels of RAC1.
Therefore, the residual level of GTP-RAC1 that persists in HACE1-expressing melanoma cells might be sufficient to sustain cell adhesion and migration. As HACE1 silencing inhibited melanoma cell tumourigenic properties, other pro-tumourigenic functions of HACE1 must overcome the HACE1-induced degradation of active RAC1.
Even though most reports on HACE1 have indicated that it behaves as an anti-oncogene, several studies do not agree with this viewpoint. HACE1 is involved in Golgi biogenesis [19] , which is required for normal cell functioning. A report has indicated that HACE1 is not a tumour suppressor in NKcell neoplasms [20] . It should also be noted that HACE1 deficiency causes an autosomal recessive neurodevelopmental syndrome, but no cancer predisposition is observed in homozygous or heterozygous mutation carriers [21] . Taken together, these observations are not in agreement with the universal tumour-suppressor role ascribed to HACE1.
In the original publication showing that HACE1 may function as a tumour suppressor, the effects of HACE1 KO are barely observable in a p53
WT background. Two pigmented lesions, identified by the authors as a melanoma, were observed among the 252 mice analysed [2] . However, because the mice had a ubiquitous heterozygous or homozygous HACE1 KO, the development of melanoma and some other tumours might have been due to alterations in immune cell biology and tumour cell immune surveillance.
Our data do not challenge the clearly established tumoursuppressor role of HACE1 in Wilms' tumour and in breast cancer [1, 10] , but our study discloses a cell-specific tumourigenic function of HACE1 in melanoma that deserves to be evaluated in other neoplasms.
Concerning the molecular mechanisms involved in the pro-tumourgenic function of HACE1, we demonstrated that HACE1 silencing induced a modification of the transcriptional programme in melanoma cells that was compatible with a decrease in cell movement and migration. Among the genes associated with these effects, ITGAV and ITGB1 were downregulated at the transcriptional level, and their involvement in cell migration has been extensively described [12, 22] . Other genes, such as PLAU and SDC4, which promote cell invasiveness [23, 24] , were also downregulated by HACE1 silencing.
All of these genes (ITGAV, ITGB1, PLAU and SDC4) have been reported to be regulated by FN [25, 26, 27, 28] , but neither FN1 expression nor intra-cellular FN level was affected by HACE1 silencing. However, our data revealed that FN secretion was markedly affected by HACE1 silencing. As FN must be secreted to interact with integrins, the decrease in extracellular FN will lead to the inhibition of FN signalling and biological effects.
Little is known regarding FN secretion. A recent report has demonstrated that caspase 3 controls FN secretion without affecting FN1 expression [29] . The authors hypothesised that caspase 3 controls the ER-Golgi transport or vesicle trafficking. Of note, caspase 3 was downregulated upon HACE1 suppression in three out of four cell lines analysed, but this decrease did reach statistical significance. We cannot rule out that the regulation of caspase 3 might also be involved in the inhibition of FN secretion in some melanoma cells.
We demonstrated in this report that HACE1 interacts with FN, promotes its K27 ubiquination and regulates its secretion. In agreement with our data, HACE1 has been recently reported to promote K27 ubiquitination of YB1 and to regulate its secretion [30] . Because FN is a large protein, we have not been able to identify the site of K27 ubiquitination, but the inhibition of FN secretion by the forced expression of K27R ubiquitin strongly supports the hypothesis that HACE1 regulates FN secretion through its K27 ubiquitination.
Secreted FN interacts with integrins and activates canonical signalling pathways, such as ERK or PI3 kinase pathways [31, 32] , which in turn regulate the expression of integrins [26, 33] , thus promoting cell adhesion and migration. This molecular cascade must be assessed in other neoplasms to clarify the function of HACE1 in cell-specific contexts.
Nevertheless, our data revealed a pivotal role of HACE1 in the regulation of a feed forward loop between integrins and FN that plays a key role in the adhesion, migration and metastasis ability of melanoma cells, thereby making HACE1 a new player in melanoma biology.
Materials and methods
Antibodies, siRNA and other reagents
An antibody against HACE1 (Ab80651) was purchased from Abcam, and antibodies against FN (#610077BD), αV integrin and β1 integrin were obtained from BD Biosciences. Antibodies against Myc and HSP90 were purchased from Santa Cruz Biotechnologies. showing the genes regulated by HACE1 silencing and associated with "invasion of tumour cell lines". Red denotes the genes that are upregulated, and green denotes those that are downregulated. The regulation of 14 out of 17 genes is consistent with an inhibition of "invasion of tumour cell lines" (blue dotted lines). The yellow lines indicate that the finding underlying the relationship is inconsistent with the state of the downstream node based on existing literature data. c 501MEL and C-13.08 cells were transfected with control (siCtl) or HACE1 (siH1) siRNA and analysed by western blot with antibodies against HACE1, integrins (αV, α2, β1, β3, β4), fibronectin (FN) and HSP90 (loading control)
Horseradish peroxidase-conjugated anti-rabbit or antimouse antibodies were obtained from Dakopatts (Glostrup, Denmark).
A siRNA pool targeting HACE1 (siH1) was purchased from Santa Cruz (#sc-95301), and single siRNAs against HACE1 were purchased from Qiagen (siH2 #SI00127680, siH3 #SI00127694 and siH4 #SI03062227). A siRNA pool targeting FN (M-009853-01) was purchased from Dharmacon, and a single siRNA against FN was purchased from Qiagen (SI02663997). Scramble siRNAs were used as a control. The HA-HACE1 plasmid was a gift from Dr. Emmanuel Lemichez. In brief, human HACE1 cDNA was obtained from ATCC (clone I.M.A.G.E. 4838835; GenBank accession no. BC034982), amplified by PCR and cloned via BamHI/EcoRI into pXJ-HA.
Cell culture
Cells were grown in RPMI-1640 (A375 and short-term cultures) or DMEM (501MEL and MeWo) supplemented with 7% foetal bovine serum and penicillin/streptomycin (100 U/ml:50 μg/ml) in a humidified atmosphere containing 5% CO 2 at 37°C. The cells overexpressing HACE1 were obtained by transfection with pXJ-HA-HACE1 and pBABE-Puro (10/1 ratio). Two days after transfection, puromycin selection was applied (1 µg/ml) for 3-4 weeks. Individual clones were amplified and analysed for HACE1 expression by western blot or qPCR analysis.
RNAi transfection
Transfection of siRNAs (25 nM) was performed using Lipofectamine RNAiMAX (Invitrogen) in OptiMEM (Invitrogen) as previously described. Cells were analysed 3 days post transfection.
Western blot, immunoprecipitation and pull-down experiment
Cells were washed with cold PBS and lysed with ice-cold buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl and 1% Triton X-100 supplemented with protease and phosphatase inhibitors. Soluble proteins were then analysed by SDS-PAGE and transferred onto polyvinylidene fluoride membranes (Millipore) using a semi-dry apparatus (Transblot SD; Bio-Rad). For immunodetection, the membranes were blocked in a blocking buffer solution and then exposed to appropriate antibodies. Western blot analyses shown are representative of at least three independent experiments.
For immunoprecipitation assays, whole CLs were incubated with 2 µg of specific antibody bound to PAG magnetic beads (Ademtech). After three washes in lysis buffer (0.1% Triton X-100), bead-bound proteins were subjected to western blot analysis using the appropriate antibodies.
GST and GST-HACE1 recombinant proteins were purified from bacteria after IPTG induction. These proteins were collected from bacteria lysates using GSH-Sepharose beads.
Transwell migration assay
Tumour cell migration assays were performed in transwell chambers. Boyden chambers (8.0-μm pores, Transwell; Corning, Inc.) were placed into 24-well chambers containing medium supplemented with 7% FBS. Cells were resuspended in FBS-starved medium and loaded into the top chamber. Several hours later (depending on the cells used), the cells adhered to the underside of the filters were fixed with 4% paraformaldehyde (PFA) and stained with 0.4% crystal violet, and five random fields at 20 × magnification were counted. The results represent the mean ± SD of triplicate samples from 3 independent experiments.
Adhesion assay
Cells were seeded in a 96-well plate and incubated at 37°C in a CO 2 incubator for the indicated period. The plates were then washed with PBS, and the remaining cells were fixed with 4% paraformaldehyde for 15 min and then stained with crystal violet for 15 min. For the adhesion assay, using previously coated wells, the plates were first incubated with the appropriate CM and washed with PBS before plating cells. Representative images were captured and adherent cells were counted. The results represent the mean ± SD of triplicate samples from three independent experiments.
xCELLigence system
Real-time monitoring of live cells was performed using the xCELLigence RTCA DP instrument (ACEA Biosciences), (FN) and genes that are downregulated by HACE1 silencing. b A375 cells were transfected with control (siCtl) or HACE1 (siH2) siRNA and analysed via western blotting of cell lysate (CL) using antibodies against HACE1, ITGβ1, ITGαV, FN, and actin (loading control). Conditioned medium (CM) was probed with an antibody against FN and vitronectin (VN). c Three different melanoma cell cultures were transfected with control (siCtl) or HACE1 (siH1) siRNA. The CM was analysed by western blot analysis using antibodies against FN or VN. HACE1 suppression was verified by western blot analysis of cell lysate proteins with HACE1 antibodies. d C-13.08 cells were transfected with control (siCtl) or HACE1 (siH1) siRNA or cultured in CM from cells treated with control (CM-siCtl) or HACE1 (CM-siH1) siRNA. Cells were then subjected to Boyden chamber migration assays. e The protein extracts from cells treated as described in D were analysed by western blotting with antibodies against HACE1 or ITGαV. HSP90 was used as a loading control. f 501MEL cells were seeded on plates coated with the following treatments: CM from 501MEL cells treated with siCtl (CM-siCtl) or siHACE1 (CMsiH1); fibronectin-free (immuno-depleted) CM from control 501MEL cells (CM-siCtl w/o FN); CM from HACE1-suppressed 501MEL cells supplemented with 0.5 µg/ml recombinant fibronectin (CM-siH1 + FN). g Quantification of three separate experiments as described in F. The results represent the mean ± SD of the percent of cell adhesion in the control condition. h Western blot analysis of secreted fibronectin after immuno-depletion with control (Ctl) or FN antibodies which was placed in a humidified incubator at 37°C and 5% CO 2 . Cell adhesion experiments were performed using 16-well plates (ACEA Biosciences, Ref 00300600880). Initially, 100 μL of culture medium was added to each well, and a background measurement step was performed as a background signal generated by cell-free medium. To initiate the experiment, siCtl-or siH1-transfected cells (501MEL EV, 501MEL C29 and C60) were counted and seeded at a similar concentration. Each condition was performed in triplicate with a programmed signal detection scheduled once every minute for several hours. The results represent the average of triplicate samples from three independent experiments.
Mouse experiments
For short-term lung colonisation assays, melanoma cells were transfected with Ctl or HACE1 siRNA for 72 h. The cells were detached using HyQtase and labelled with 10 µM Cell Tracker Green CMFDA for 30 min, and an equal number of cells was injected separately into the tail veins of nude mice. The mice were euthanized after 30 min or 24 h, and whole lungs were examined by immunofluorescence microscopy.
Alternatively, 3 × 10 6 L-A375 cells were injected into the tail veins of 6-week-old nude mice. Prior to imaging, the mice were administered by intraperitoneal injection 150 mg/ kg XenoLight D-Luciferin (from Perkin Elmer) and anaesthetised. Bioluminescent images were acquired using a Photon Imager system (Biospace Lab). ROI optical images were analysed with M3 Vision Software.
Ubiquitination assay
An in vitro ubiquitination assay was conducted using the Ubiquitin Conjugating kit purchased from R&D systems (K-982). The experiment was performed according to the manufacturer's specifications. HA-Ubiquitin plasmids (HA-K27, HA-K48 and HA-K63) were purchased from Addgene. The GST-HACE1-His plasmid for pull-down assays was a generous gift from Dr. Cory Hu (Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences). The plasmid encoding Flag-tagged K27R ubiquitin was provided by Pr. D. Alessi (University of Dundee).
Gene expression profiling
Total RNA from 4 different melanoma cell cultures (melanoma cell lines, A375 and MeWo, and short-term melanoma cell cultures, C-12.34 and C-13.08) was extracted using the RNeasy kit (Qiagen, Hilden, Germany). Integrity of RNA was assessed using an Agilent BioAnalyzer 2100 (Agilent Technologies) (RIN greater than 9). RNA samples were then labelled with Cy3 dye using the Low RNA Input QuickAmp kit (Agilent) as recommended by the supplier. Briefly, 825 ng of labelled cRNA probe was hybridised onto 8 × 60 K high-density SurePrint G3 gene expression mouse Agilent microarrays. Normalisation and statistical analysis of microarray data were performed using the Limma package available from Bioconductor (http://www. bioconductor.org). Inter-slide normalisation was performed using quantile methods. Differentially expressed genes were selected based on AbsLogFC > 1 and Log Odds-ratio > 0. The data from expression microarrays were analysed for enrichment in biological themes (Gene Ontology, molecular function and canonical pathways) using Ingenuity Pathway Analysis software (http://www.ingenuity.com/).
Statistical methods
Unless specified in figure legends, all data were subjected to two-tailed t-test analysis using Prism 5 (GraphPad Software, San Diego, CA, USA). The results are presented as the mean ± SD. 5 HACE1 interacts with and promotes fibronectin ubiquitination. a GST or GST-HACE1 was incubated with reconstituted fibronectin (FN) or vitronectin (VN). Bound proteins were analysed by western blotting using antibodies against FN or VN. b Purified FN (1 µM) was incubated with ATP, E2 ligase, ubiquitin and recombinant HACE1 (0.4 µM) as indicated and then analysed by western blotting using an antibody against FN. c COS cells were transfected with an empty vector or vectors encoding HA-tag-K27 and control (siCtl) or HACE1 (siH1) siRNA. Total cell extracts (CL) were analysed by western blotting using antibodies against FN, HACE1, HA or HSP90 (loading control). The secreted proteins (CM) were analysed by western blotting using an antibody against FN. d Cellular proteins from cells treated as in C were subjected to immunoprecipitation with a FN antibody and analysed by western blotting using antibodies against HA-tag or FN. e Cells were transfected with an empty vector (EV) or plasmid encoding for HA-tagged K27 ubiquitin (K27-HA) or Flagtagged K27R ubiquitin (K27R-Flag). Cell lysates were analysed by western blotting using antibodies against Flag, HA or K27 ubiquitin. f The cell lysates (CL) as in (e) were analysed by western blotting using antibodies against FN or HSP90 (loading control). Conditioned media (CM) from the same cells were analysed by western blotting using antibodies against FN or VN (loading control)
